Galactic infrared (IR) bubbles, which can be seen as shell-like structures at mid-IR wavelengths, are known to possess massive stars within their shell boundaries. In our previous study, Hanaoka et al. (2019) expanded the research area to the whole Galactic plane (0 • ≤ l ≤ 360 • , |b|≤ 5 • ) and studied systematic differences in the shell morphology and the IR luminosity of the IR bubbles between inner and outer Galactic regions. In this study, utilizing high spatial-resolution data of AKARI and WISE in the mid-IR and Herschel in the far-IR, we investigate the spatial distributions of dust components around each IR bubble to discuss the relation between the star-formation activity and the dust properties of the IR bubbles. For the 247 IR bubbles studied in Hanaoka et al. (2019) , 165 IR bubbles are investigated in this study, which have the Herschel data (|b|≤ 1 • ) and known distances. We created their spectral energy distributions on a pixel-by-pixel basis around each IR bubble, and decomposed them with a dust model consisting of polycyclic aromatic hydrocarbons (PAHs), hot dust, warm dust and cold dust. As a result, we find that the offsets of dust heating sources from the shell centers in inner Galactic regions are systematically larger than those in outer Galactic regions. Many of the broken bubbles in inner Galactic regions show large angles between the offset and the broken shell directions from the center. Moreover, the spatial variations of the PAH intensity and cold dust emissivity around the IR bubbles in inner Galactic regions are larger than those in outer Galactic regions. We discuss these results in light of the interstellar environments and the formation mechanism of the massive stars associated with the IR bubbles.
Introduction
There are a large number of Galactic infrared (IR) bubbles existing along the Galactic plane. They have shelllike structures, which can be clearly seen at mid-IR wave-lengths. Churchwell et al. (2006 Churchwell et al. ( , 2007 cataloged 591 IR bubbles which are located in inner Galactic regions (|l|≤ 65 • , |b|≤ 1 • ), using the 8 µm band images of the Galactic Legacy Infrared Mid-plane Survey Extraordinaire (GLIMPSE: Benjamin et al. 2003; Churchwell et al. 2009) c 2018. Astronomical Society of Japan.
program with Spitzer. In our previous study, Hanaoka et al. (2019) expanded the research area to the whole Galactic plane (0 • ≤ l ≤ 360 • , |b|≤ 5 • ) and newly found 175 IR bubbles with large angular radii R > 1 ′ using the 9 µm band images of the all-sky surveys with AKARI (Murakami et al. 2007; Ishihara et al. 2010 ).
The shell-like structure associated with the IR bubbles can be seen clearly in the Spitzer 8 µm and AKARI 9 µm band images. These band intensities are expected to be dominated by polycyclic aromatic hydrocarbon (PAH) emission from photodissociation regions (PDRs) . PAHs are easily photodissociated by strong ultraviolet (UV) radiation (≥ 13.6 eV), thus they can hardly exist in H II regions. The IR bubbles are expected to possess the spherical shell structure formed on the edge of the H II region. Ionizing gases are distributed within the shell structures, producing the mid-IR continuum emission which mostly traces hot dust in H II regions (Deharveng et al. 2010) . Hanaoka et al. (2019) confirmed that 97% of the 247 IR bubbles along the Galactic plane show diffuse hot dust emission within the shell boundaries using the AKARI 18 µm images. Thus, most of the IR bubbles possess massive stars within their shell structures.
In order to understand the massive star formation, triggered star-formation mechanisms have been discussed. Typical massive star-formation mechanisms are triggered by expansion of the H II regions and cloud-cloud collision (CCC) (e.g., Elmegreen 1998; Zinnecker & Yorke 2007; Deharveng et al. 2010) . The former mechanism compresses the interstellar media (ISM) at the edges of the H II regions and dense clumps by radiation from the pre-existing massive stars (e.g., Deharveng et al. 2010; Dale et al. 2007; Gritschneder et al. 2009 ). The CCC mechanism triggers a massive star formation on the collision surface between two molecular clouds (Habe & Ohta 1992) . A collision of two molecular clouds having different velocities makes an intermediate velocity component at the collision surface, which is seen as a broad bridge feature on the positionvelocity map (e.g., Hawarth et al. 2015; Takahira et al. 2018 ).
In the previous study, Hattori et al. (2016) classified the IR bubbles cataloged in Churchwell et al. (2006 Churchwell et al. ( , 2007 by the shell morphologies according to the quantitative criteria established in their study. They also estimated the IR flux densities and the spatial distributions of dust emission in and around each IR bubble using the 9, 18, 65, 90, 140 and 160 µm band images of the AKARI all-sky surveys. Then, they found that large broken bubbles tend to have higher total IR luminosities, lower fractional luminosities of the PAH emission and dust heating sources located nearer to the shells. Based on these results, Hattori et al. (2016) suggested that many of the large broken bubbles might have been formed by the CCC mechanism. Hanaoka et al. (2019) expanded the study of Hattori et al. (2016) to the whole Galactic regions (0 • ≤ l ≤ 360 • , |b|≤ 5 • ) and newly found 175 IR bubbles. Hanaoka et al. (2019) obtained the shell radii, the covering fractions (CFs) of the shells and the IR luminosities of 247 IR bubbles with large angular radii R > 1 ′ including the IR bubbles studied by Hattori et al. (2016) . They found that there are systematic differences in the global IR properties of the IR bubbles between inner and outer Galactic regions and suggested that the results are interpreted by the interstellar environments around the IR bubbles and the star-formation mechanisms of the central massive stars. However, Hanaoka et al. (2019) did not perform a spatially-resolved study of the IR properties.
In this study, we investigate the spatial distributions of dust components of the IR bubbles to discuss the relation between the star-formation activity and the dust properties. By using high spatial resolution data of Herschel Space Observatory (Pilbratt et al. 2010 ) whose resolution is comparable to that of the AKARI 9 µm band image tracing the PAH emission, the spatial variations of the dust properties in the IR bubbles are discussed in more detail. The mid-IR wavelength data observed by the Widefield Infrared Survey Explorer (WISE: Wright et al. 2010) are also added to estimate a hot dust (> 100 K) component, which traces the environments closer to massive stars. Then, we obtain the overall properties of the IR bubbles along the whole Galactic plane and discuss the effects of the massive stars and interstellar environments on the properties of the IR bubbles in inner and outer Galactic regions.
Observation and data analysis
To investigate the local infrared properties of the IR bubbles studied by Hanaoka et al. (2019) , we used AKARI, Herschel and WISE photometric data. The AKARI mid-IR all-sky surveys were carried out in two photometric bands (the central wavelengths are 9, 18 µm; Onaka et al. 2007) , which covered more than 90% of the whole sky (Ishihara et al. 2010) . The Herschel infrared Galactic Plane Survey (Hi-GAL: Molinari et al. 2010 Molinari et al. , 2016 is an unbiased photometric survey of the Galactic plane (0 • ≤ l < 360 • , |b|< 1 • ) at 70, 160, 250, 350 and 500 µm wavelengths (Poglitsch et al. 2010; Griffin et al. 2010 Cutri et al. (2013) (Hi-GAL DR1 images: covering −70 • < ∼ l < ∼ 68 • , |b|≤ 1 • ), which had been better calibrated with the ROMAGAL pipeline, were also released on the online site of the VIALACTEA project 2 (Molinari et al. 2016) . Moreover, we used the WISE 22 µm band images to investigate the distribution of a hot dust (∼120 K) component. The AllWISE data had been improved with enhanced sensitivity and accuracy compared with earlier WISE data releases (Cutri et al. 2013) . The WISE data are given in units of DN, and the DN-to-Jy conversion factor is 5.2269 × 10 −5 (Cutri et al. 2013 ; http://wise2.ipac.caltech. edu/docs/release/allwise/expsup/sec4_3a.html). The specifications of the observation data, i.e., the central 2 VIALACTEA project http://vialactea.iaps.inaf.it wavelengths, the pixel scales and the sizes of the point spread functions (PSFs) are summarized in table 1.
In this study, we investigate the IR bubbles having the Herschel Hi-GAL data (|b|≤ 1 • ) and known distances out of the IR bubbles studied by Hanaoka et al. (2019) . 165 IR bubbles remain as our sample, which consist of 29 IR bubbles found by Hanaoka et al. (2019) and 136 IR bubbles studied by Hattori et al. (2016 ) (i.e., cataloged by Churchwell et al. 2006 .
To investigate the spatial distributions of the dust components around the IR bubbles, model fittings are performed to local spectral energy distributions (SEDs) on a pixel-by-pixel basis for the 4R × 4R region of each IR bubble, where R is the radius of the IR bubble. We smoothed and re-grided all the images with the PSF size and the pixel size of the Herschel 500 µm band images, 35 ′′ .0 and 11 ′′ .5 × 11 ′′ .5, respectively. Background intensity levels are estimated by averaging the values of the pixels within the background regions defined by the same procedure as Hattori et al. (2016) and Hanaoka et al. (2019) . The error of the intensity in each pixel is calculated from the standard deviation of the intensities within the background region and the systematic errors of 10% are also considered in the local SEDs for AKARI, WISE mid-IR and Herschel data (D. Ishihara et al. in preparation; Jarrett et al. 2011; Molinari et al. 2016) . We created the local SED of each pixel and fitted it with a dust model which includes PAHs, hot dust, warm dust and cold dust components as follows:
(1)
where Iν,PAH(λ) is a PAH intensity model as a function of λ (Draine & Li 2007) , Bν(λ, T ) is the Planck function with dust temperature T , and β is the emissivity powerlaw index. The temperatures of the warm and cold dust components are allowed to vary around ∼ 60 K and ∼ 20 K, respectively, as the initial parameters estimated from the SEDs of each IR bubble in Hanaoka et al. (2019) . While that of the hot dust component is fixed at 123 K which is a typical value of the IR bubbles analyzed in this study. The emissivity power-law index generally shows a value near 2 for H II regions in our Galaxy (Anderson et al. 2012; Hanaoka et al. 2019) , however, it can vary depending on the optical properties of dust grains. Here, the emissivity power-law index of the cold dust component, βc, is set to be free, when the βc value of 2 is not statistically acceptable in the SED fitting. Figure 1 shows examples of the local SED-fitting results for S7 (named "RCW 120" by Rodgers et al. 1960 ). The pixel denoted with "A" in the left panel of figure 1 is dominated by the hot dust component, while the pixel denoted with "B" requires the emissivity power-law index higher than 2. When the SED fitting is statistically rejected, a not a number (i.e., NaN) is assigned to the corresponding pixel (i.e., masked). To remove outliers, we applied a median filter, replacing a central pixel with the median value of the surrounding 3 × 3 pixels. If the masked region occupies more than 50% of the entire area within 2R, we removed the corresponding IR bubbles from our sample. As a result, we obtain the brightness distributions of 157 IR bubbles, which is 95% of the 165 IR bubbles. Examples of the brightness distributions thus obtained are shown in figure 2 .
In order to check the consistency between the results of Hanaoka et al. (2019) and local SED fitting results in this study, the IR luminosities integrated over the area of < 2R are calculated for all the components, based on the brightness distributions derived with the local SED fitting. Figure 3 shows comparison between the luminosities thus obtained from the local SED fitting and the luminosities estimated from the photometry fluxes within the 2R circular regions in Hanaoka et al. (2019) . Here, we compare the warm dust luminosities of Hanaoka et al. (2019) with the sum of the hot and warm dust luminosities of the local SED fitting. Figure 3 shows an overall consistency between the results of Hanaoka et al. (2019) and the local SED fitting.
Result
To estimate the positions of the heating sources, we investigate the brightness ratio maps of I hot /ITIR for the IR bubbles. Figure 4 shows the I hot /ITIR maps for the sample IR bubbles in figure 2. The previous study by Hattori et al. (2016) showed that the color temperature of the dust emission peaks near the bubble centers for many of the well-defined closed bubbles, indicating the presence of heating sources (i.e., massive ionizing stars) in the centers. In our study, we choose only the IR bubbles which have a clear single I hot /ITIR peak, so that we can mitigate the effect of mistakenly selecting a hot spot irrelevant to a massive star or confusion sources. Then we hereafter regard the positions of the I hot /ITIR peaks as those of the heating sources. We obtain the peak position of I hot /ITIR within the inner edge of the shell (defined as 0.8R) for each IR bubble. When there is no significant hot dust emission detected within the shell boundary, we obtain the peak position of the warm dust component, using the Iwarm/ITIR map instead of the I hot /ITIR map. We then derive the peak positions for 117 IR bubbles, which have a single peak clearly identified within the shell boundary, out of the 165 IR bubbles (their peak positions are summarized in Appendix). For 7 out of the 117 IR bubbles, we used the Iwarm/ITIR maps to investigate the peak positions. Then, we define the offset value from the center of each shell as the distance between the shell center and the peak position, Rpp, relative to the angular shell radius R (see the upper panel of figure 5 ). The lower panel of figure 5 shows the resultant Rpp/R plotted against the Galactocentric distance. The values of R and the Galactocentric distance of each IR bubble are cataloged in Hanaoka et al. (2019) . The error of Rpp is evaluated by a quarter of the PSF size (35 ′′ .0) of the Herschel 500 µm band images (i.e., 9 ′′ , similar to the pixel scale of 11 ′′ .5). From this panel, we find that many IR bubbles in inner Galactic regions tend to have large offsets from the centers of the PDR shells; with the Poisson statistics, 29 ± 6% (28/96) of the IR bubbles at < 8 kpc have Rpp/R > 0.6, while 14 ± 8% (3/22) of the IR bubbles at > 8 kpc have Rpp/R > 0.6, and thus the difference is marginally significant, although the statistics are not good enough for the latter. Figure 6 shows the brightness ratio maps of IPAH/ITIR for the sample IR bubbles in figure 2. From the IPAH/ITIR distribution maps, we investigate the radial profiles of IPAH/ITIR averaged over the pixels within a certain radial position r, which are derived by systematically reducing the resolution of IPAH/ITIR maps to match the lowest resolution in our sample. Figure 7 shows the IPAH/ITIR radial profiles plotted against r/R, color-coded according to the Galactocentric distance. This result shows that IPAH/ITIR monotonically increases with r to ∼ R which is the radius of each PDR shell. This global trend is reasonable because the PAH emission dominates in the PDR shells as pointed out by Hattori et al. (2016) . Figure 7 also shows that IPAH/ITIR systematically increases with the Galactocentric distance, while the radial profiles are similar among those at different Galactocentric distances, as seen in the right panel of the figure. This is consistent with the result of LPAH/LTIR shown in Hanaoka et al. (2019) , further indicating that IR bubbles in outer Galactic regions have systematically (i.e., not locally but globally) high LPAH/LTIR within their 2R regions.
We quantify the local spatial variation of the PAH intensity within each IR bubble. To remove the radial global trend of the PAH intensity as seen in figure 7, we normalize the IPAH/ITIR maps with the radial profile of each IR bubble (i.e., setting the azimuthally-averaged value to be a unity for given r). Figure 8 shows the resultant IPAH/ITIR maps after removal of the radial trend for the same IR bubbles as in figure 6 . We obtain the coefficients of variations (CVs) of the IPAH/ITIR values within the 2R circular region in each IR bubble, which are calculated as the standard deviations divided by the mean values. We compare the IPAH/ITIR CVs of the IR bubbles in inner Galactic regions with those in outer Galactic regions. Figure 9 shows that the IR bubbles in inner Galactic regions are likely to have higher IPAH/ITIR CVs than the IR bubbles in outer Galactic regions, indicating that IPAH/ITIR in inner Galactic regions have not only higher values on average but also larger spatial variations relative to the average than those in outer Galactic regions.
In fitting the SEDs, some IR bubbles show the pixels where βc of 2 is not statistically acceptable. To reliably identify the pixels having βc = 2, we selected the pixels whose βc values are different from 2 with 5σ significance. For the IR bubble where such pixels occupy 20% of the total pixels within the 2R circular region, the averaged βc in the 2R region is plotted against the Galactocentric distance with the standard deviation as an error bar in figure 10. This figure shows that βc is equal to 2 within the error bars for almost all the IR bubbles, which is consistent with the fitting results of the SEDs created from the pho- 
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Galactic Longitude Galactic Longitude Galactic Longitude Fig. 4 . Examples of the I hot /ITIR maps, together with the peak positions of the hot dust emission denoted with magenta circles. The thick and thin white circles correspond to the R and 2R circular regions, respectively. tometry fluxes integrated within the 2R circular regions in Hanaoka et al. (2019) where βc = 2 is acceptable for all the IR bubbles. The averaged value decreases with the Galactocentric distance; the βc values tend to be higher than 2 in inner Galactic regions, while they are lower than 2 in outer Galactic regions. A Kolmogorov-Smirnov (K-S) test shows that the difference is statistically significant (pvalue is 0.01), although the uncertainties of βc are large. Such a decreasing trend of βc is observed in nearby galaxies as well, e.g., M31 and M33 (Smith et al. 2012; Draine et al. 2014; Tabatabaei et al. 2014) . These previous studies of the nearby galaxies suggest a change in the dust properties at 3−4 kpc from the Galactic center based on the change of the βc value. The result of figure 10 shows that the transition point of our Galaxy is located around ∼8 kpc from the Galactic center. Also, Giannetti et al. (2017) show that the gas-to-dust ratio in our Galaxy increases with the Galactocentric distance while the metallicity decreases from IR and CO observations.
Discussion

Variations of the IR bubble properties along the whole Galactic plane
We examine the relation between the positions of the heating sources and the shell morphology. We show that many IR bubbles in inner Galactic regions have large Rpp/R, which indicates that the heating sources are likely to be 
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Galactic Longitude Galactic Longitude Galactic Longitude closer to the dense shell regions around the IR bubbles. For example, for the IR bubbles with offsets as large as Rpp/R > 0.6, 28 ± 5 and 3 ± 2 IR bubbles are located at < 8 kpc and > 8 kpc, respectively, with the errors from the Poisson statistics. In figure 5 , to show the dependence of the offsets on the covering fractions of the PAH shells (CFs) obtained by Hanaoka et al. (2019) , we further colorcoded the data points with CF. The figure suggests that averaged β c of all pixels within 2R the fraction of closed bubbles may increase at low Rpp/R. For example, the IR bubbles with CF= 1.0 occupy 70±20% of the total IR bubbles at Rpp/R < 0.2, while they are 52 ± 7% at Rpp/R > 0.2.
Then, for the broken bubbles, we obtained the direction of the broken sector for each IR bubble based on the CF estimation in Hanaoka et al. (2019) . We investigate the difference in the direction angle, θBS−pp, between the heating source position and the broken sector direction as viewed from the shell center (see the upper panel of figure 11 ). As errors of θBS−pp, we consider those associated with the positional uncertainties of the heating sources which are evaluated to be one image pixel. Then we calculate the angle which are subtended by the chord of one pixel length at Rpp from the center. The relation thus obtained is shown in the lower panel of figure 11 , from which we find that the heating sources are located nearly on the opposite side of the broken sector directions (i.e., θBS−pp ∼ 180 • ) for a significant fraction of the IR bubbles in inner Galactic regions. In the figure, the color is added to the data points to show Rpp/R, where it is found that the IR bubbles with large Rpp/R tend to have large θBS−pp. Hence a significant fraction of the IR bubbles in inner Galactic regions have heating sources largely offset from the center to the shell, where the broken sector directions are related to the positions of the heating sources nearly on their opposite sides.
One possible reason for the large offset of the heating sources and the large θBS−pp value in inner Galactic regions is local density gradients within each IR bubble, i.e., H II regions may be easier to expand toward the lower density direction, and the lower density side of the shell tends to be broken. On the other hand, Hattori et al. (2016) mentioned that the offset of the heating sources can be explained by formation of massive stars on the boundary of the collided clouds, and in that case, the broken structure can be favorably observed. If the CCC process is important for the broken bubbles in inner Galactic regions, it is expected that their massive stars are substantially offset to the opposite side of the broken sector direction. This interpretation is also consistent with the result shown in the lower panel of figure 11 , in which the IR bubbles with larger θBS−pp (∼ 180 • ) tend to have larger offsets from the center.
To further discuss the morphology formation mechanisms of the IR bubbles, we investigate the hot-dust filling factor (f hot ) in the H II region of each IR bubble. We derive ratios of the pixels brighter than 20% of the I hot intensity at the peak position of I hot /ITIR within the inner edge of the shell (i.e., < 0.8R). For the IR bubbles without significant hot dust emission within the shell boundaries, we used the Iwarm intensity maps. Figure 12 shows f hot plotted against the shell radius, color-coded according to CF. This figure shows that the large broken bubbles (i.e., log(R [pc])> 0.6 and CF< 0.9 from Hanaoka et al. 2019) tend to have lower f hot . Indeed, a K-S test shows that the distributions of the large broken bubbles and large closed bubbles (i.e., log(R [pc])> 0.6 and CF= 1.0 from Hanaoka et al. 2019 ) are statistically different from each other (pvalue is 0.009). Moreover, table 2 shows that 5 out of 10 large broken bubbles having f hot lower than 0.5 also have Rpp/R > 0.5 and θBS−pp > 90 • . Hattori et al. (2016) suggested that many of the large broken bubbles may have been formed through the CCC process. In this case, the H II gas and the hot dust are expected to be rather local- ized on the dense shell formed through CCC than fill the inside of the shell. The above 5 large broken bubbles in the table may be candidate targets which have been formed by CCC.
In figure 9 , to show the dependence of the CVs of IPAH/ITIR on CFs, we color-coded the data points with CF. The figure shows that, for the IR bubbles in inner Galactic regions (< 8 kpc), 17 out of 25 bubbles which have the IPAH/ITIR CVs larger than 0.4 are observed as broken bubbles, while 38 out of 102 bubbles with the IPAH/ITIR CVs smaller than 0.4 are broken bubbles. The former ratio (70 ± 20%) is significantly higher than the latter ratio (37 ± 6%), based on the Poisson statistics. Hence, the broken morphology may be the key to understanding the large spatial variations of the fractional PAH intensities. We discuss possible processes to produce the observed large IPAH/ITIR CVs in inner Galactic regions as seen in figure 9 . Considering the possibility of PAH destruction around the IR bubbles, PAHs can be destroyed by UV radiation, hot gas and interstellar shocks (e.g., Tielens 2005; Rapacioli et al. 2005; Micelotta et al. 2010a Micelotta et al. , 2010b . First, we only discuss the effects of interstellar shocks, because the effects of the PAH destruction by the UV radiation and hot gas in H II regions are likely to be reflected by the IPAH/ITIR radial profiles ( figure 7) , which are already removed from the IPAH/ITIR distribution maps in deriving the CVs (figure 9 ). The PAH destruction in the interstellar shocks needs a shock velocity above 100 km s −1 (Micelotta et al. 2010a ). The observed collisional velocities of CCC are as slow as 10−30 km s −1 (e.g., Inoue & Fukui 2013; Fukui et al. 2016) , which are too slow to destroy the PAHs.
Then, we discuss the possibility of PAH production around the IR bubbles. PAHs can be produced by shattering carbonaceous dust grains with the collisional velocity of about 1−100 km s −1 (Jones et al. 1996) ; the collisional ve- locities of CCC are in this velocity range. However, shortly after the production, PAHs might be destroyed by intense UV radiation from massive stars. We calculate the PAH destruction timescale in H II regions using a C-H band photo-dissociation time scale in the diffuse ISM, τ UV,pd , as described by the following equation (Jones et al. 2014; Jones & Habart 2015) :
where G0 and a are the radiation field intensity integrated for far-UV wavelengths relative to the solar neighborhood and grain radius, respectively. We adopted the typical G0 of 10 2 −10 4 in H II regions whose bolometric luminosities of sources are in a range of 10 3 −10 5 L⊙ (Decataldo et al. 2017 ) and the typical PAH size of 6Å (Tielens 2005) to find that τ UV,pd ∼10−10 3 yr. This calculation implies that PAHs produced through shattering of carbonaceous grains will be destroyed in the H II region within timescales much shorter than the lifetime of IR bubbles (∼10 6 yr). Therefore, we can expect that CCC could decrease fractional PAH luminosities, LPAH/LTIR, as a whole with a large IPAH/ITIR CV. Figure 13 indeed shows that the IR bubbles with low LPAH/LTIR tend to have large IPAH/ITIR CVs. Moreover, such IR bubbles tend to have lower CFs, which is in line with the CCC trend pointed out by Hattori et al. (2016) . Hence, the large spatial variations of IPAH/ITIR may also be caused by the CCC process.
We discuss the βc values in the context of the properties of the interstellar dust. According to the standard dust model defined in Desert, Boulanger and Puget (1990) , βc ≃ 2 is expected for silicate grains, while βc ≃ 1 for carbonaceous grains. Indeed, Mennella et al. (1998) obtained that amorphous carbon grains have a βc value of ∼1 which is lower value than that of amorphous silicate grains in their laboratory measurement. Among them, carbon-rich (C-rich) asymptotic giant branch (AGB) stars are considered as suppliers of carbonaceous dust including PAHs, while oxygen-rich (O-rich) AGB stars as suppliers of silicate dust (Latter 1991; Tielens 2008) . Ishihara et al. (2011) investigated the distributions of C-rich and O-rich AGB stars in our Galaxy and obtained that the C-rich AGB stars are uniformly distributed within the Galactic disk, while the O-rich AGB stars are concentrated toward the Galactic center. Moreover, the result of LPAH/LTIR of Hanaoka et al. (2019) suggests that the environments in outer Galactic regions belong to those relatively rich in PAHs. The result shows the tendency that βc > ∼ 2 for inner Galactic regions while βc < ∼ 2 for outer Galactic regions. Thus, the trend of the βc value also supports that the IR bubbles are relatively rich in carbonaceous dust in outer Galactic regions.
Properties of the IR bubbles in the cloud collision environments
To verify the IR properties in the cloud collision environments, we examine the spatial distributions of the dust components for the IR bubbles which are studied well with CO and most probably associated with CCC. Among our sample IR bubbles, there are 6 IR bubbles having bridge features in the CO position-velocity maps within the 2R regions, which suggest that the cloud collisions are still ongoing around the IR bubbles (N18; Torii et al. 2018a, N35; Torii et al. 2018b, N37; Baug et al. 2016, N49; Dewangan et al. 2017, S7; Torii et al. 2015, S44; Kohno et al. 2018) .
In table 3, we summarize the properties of those IR bubbles obtained by the local SED fittings. Two of them (N37 and S7) have the CCC trends in the IR properties, i.e., Rpp/R > 0.5, θBS−pp > 90 • and IPAH/ITIR CV> 0.3. However, the other IR bubbles have small Rpp/R and closed shells (see table 3 and left panels in figure 14 ). We interpret that the latter are formed by nearly head-on collisions between two clouds and viewed face-on from us. In this case, the massive star is presumably located near the shell center and the shell morphology is likely to appear "closed".
The center panels in figure 14 show the IPAH/ITIR distribution maps. Indeed, N37 and S7, which have the CCC trends in the IR properties, have clearly high IPAH/ITIR values in the white square regions, where the cloud collisions are likely to be underway, judging from the positional coincidence with the bridge features in the CO positionvelocity maps. Those trends are consistent with our hypothesis, i.e., the CCC process can produce PAHs through shattering of carbonaceous dust as discussed above. On the other hand, the maps of N18, N35, N49 and S44 show that the IPAH/ITIR values are not systematically higher in the square regions. The effects of the PAH production process on the IPAH/ITIR value might be difficult to be observed due to the overlap of multiple components along the line of sight, when CCC is viewed face-on from us.
The right panels in figure 14 show that there are some clumps having βc > 2.0 within the 2R regions. N37 and S7 have large βc in the white square regions where the bridge features have been observed. Such high βc values have been observed in dense cold molecular clouds (e.g., Kuan et al. 1996; Lis & Menten 1998; Planck Collaboration et al. 2011) , and dust grains coated with thick icy mantles can have βc significantly higher than 2 (e.g., Aannestad 1975; Güttler 1952; Wickramasinghe 1967) . Therefore, this result suggests that CCC may increase βc due to the presence of cold dense clouds which are likely to be formed on the collision surface. The coagulation on dust grains requires gas densities of nH > 10 4 cm −3 (Chokshi et al. 1993) , thus the high βc regions are likely candidates for massive star formation. To verify the hypothesis, we plot massive clumps identified by Csengeri et al. (2014) with ATLASGAL surveys in the right panels of figure 14 . The massive clumps are located near some of the high βc regions (e.g., those in N37, N49 and S7), but not for the other high βc regions, which do not provide us with a very convincing result. Hence, high Rpp/R and θBS−pp as well as the local enhancements of the PAH fractional intensity (IPAH/ITIR > 0.3) and the cold dust emissivity power-law index (βc > 2) may be good probes to search for nearly edge-on CCC candidates, while they may not be valid for face-on CCC. Whichever the case is, we need more statistics to verify the relationships between IR and radio CO properties for the IR bubbles indicative of CCC. 
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Summary
Using AKARI, Herschel and WISE data, we have studied the spatial distributions of dust components around 165 IR bubbles along the whole Galactic plane (0 • ≤ l < 360 • , |b|≤ 5 • ), which are decomposed into PAH, hot dust (123 K), warm dust (∼ 60 K) and cold dust (∼ 20 K). As a result, we find that the offsets of dust heating sources from the shell centers, which are estimated with the hot or warm dust emission, in inner Galactic regions are larger than those in outer Galactic regions. Moreover, the spatial variations of the IPAH/ITIR and the βc values around the IR bubbles in inner Galactic regions are larger than those in outer Galactic regions. The offsets of dust heating sources suggest that a local density gradient within each IR bubble or the CCC process may make larger contribution to forming the shell morphology in inner Galactic regions.
Considering possible production and destruction processes of PAHs around the IR bubbles, we suggest that the large spatial variations of the PAH intensities in inner Galactic regions may be caused by CCC. The βc trend suggests that the IR bubbles may be relatively rich in carbonaceous dust in outer Galactic regions, which is aligned with the result of the higher ratios of PAH to dust in Hanaoka et al. (2019) . Finally, we discuss the IR properties of the cloud collision environments around the IR bubbles which are studied with the previous CO observations, and our results suggest the possibility that the dust properties are influenced by the cloud collision. 
